Abbreviations used in this paper: CNS = coagulase-negative staph ylococci; ELD = external lumbar drain; EVD = external ventricular drain; ICU = intensive care unit; SOP = standard operating procedure.
of nosocomial infections were started in 2002, and a complication registration system for neurosurgical drains had not been instituted. Interviews with the staff did not yield an explanation for the doubling in prevalence. Subsequently, the hospital database was reviewed to identify all adult patients in whom an EVD and/or ELD had been inserted between 2001 and 2003 . Analysis of the clinical records and CSF cultures of these patients yielded an increase (from 20% in 2001 to 37% in 2003) in probable drain-related infections. Since the infection rates were considered unacceptably high, a multidisciplinary working group was installed with the assignment to reduce the incidence of drain-related infections to < 10% within 1.5 years.
Methods

Patient Population
The University Medical Center Utrecht is a tertiary care teaching hospital with 1042 beds for adults and children. There are ~ 27,000 admissions per year and 6 ICUs including 2 pediatric ICUs, and all medical specialties are represented. The neurology/neurosurgical department has 87 beds, ~ 2810 admissions, and ~ 130 EVD and 80 ELD insertions per year. Patients with ELDs are mainly cared for on the neurosurgical wards, ICU, and medium care units, and sporadically on neurology, orthopedic, and otorhinolaryngology wards. Patients with an EVD are exclusively cared for in the ICU or medium care units. During the study period (between 2004 and 2006) , there were 467 patients in whom 579 drains (EVDs and ELDs) had been placed.
Intervention Strategy
After identification of the high rates of neurosurgical-related drain infections in 2003, a multidisciplinary working group was installed (neurosurgeons, nurses from the neurosurgical department, a clinical microbiologist, an infection control professional, a data manager, and a research nurse) with the assignment to reduce the incidence of drain-related infections to < 10% within 1.5 years. An intervention strategy was designed and implemented in mid-2004 with prospective follow-up of infections to the end of 2006 (Table 1) . This intervention strategy was based on 5 pillars.
Increased Awareness of the Infection Problem.
The results of the retrospective analysis, together with (lower) reported infection rates in other centers, were reported to the staff and hospital management. Subsequently, there was regular feedback of the interim results of the prospective surveillance and educational programs in all departments involved. Furthermore, the physical presence of the research nurse collecting data for the prospective surveillance, as well as meetings organized by the research nurse to discuss and solve problems related to the implementation of the new SOPs, probably contributed to a higher awareness level.
Development and Implementation of SOPs.
Although multiple written procedures for drain management were available for the nursing staff, these only addressed technical rather than hygienic aspects of drain management. Therefore, SOPs that integrated both aspects as well as guidelines for diagnosis and treatment for medical and nursing staff were developed. These SOPs were based on clinical observations, general hygienic principles, recommendations from the scientific literature, and subsequent discussions within the working group. The implementation of these guidelines necessitated important changes in drain management (Table 2) .
A Diagnostic and Therapeutic Algorithm for Patients With Clinical Suspicion of Drain-Related Meningitis.
This algorithm was based on the following principles: 1) perform adequate diagnostic tests and rule out other causes of fever; 2) perform CSF sampling only on a strict indication: "minimal touch principle: each manipulation risks contamination;" 3) start with broad-spectrum antibiotics based on the susceptibility patterns of > 95% of the causative organisms in previous years, narrow spectrum after culture results become available, and stop antibiotics if cultures remain negative; 4) drains in situ during a microbiologically documented infection are considered contaminated and should be removed as soon as possible under adequate antimicrobial coverage for the causative pathogen; 5) if possible, create a drain-free interval between removal of the contaminated drain and insertion of a new drain; and 6) the practice of routine drain changes was discouraged (Fig. 1) .
Antimicrobial Prophylaxis. Before intervention antimicrobial prophylaxis for insertion of drains in the operating room was recommended, but adherence to this policy was low (timing of prophylaxis was automatically registered by anesthesiologists). A new protocol was written covering the antibiotic choices, dosing schemes, and the indicated time interval. 21 Although the neurosurgeon remained responsible for the prescription of antimicro- bial prophylaxis, it became the anesthesiologists' responsibility to administer prophylaxis within the appropriate time window (45-15 minutes before incision). Regular feedback was given to the anesthesiologists and neurosurgeons about compliance with the protocol. Furthermore, administration of antimicrobial prophylaxis was now also required before insertion of an ELD, whether insertion took place in the operating room or on the wards.
Adaptation of the CSF Drainage System. Until January 2005, a closed external drainage system (model 0136500, Dispo Medical Devices) was used, which was then replaced by the PS Medical standard Exacta Drainage and Monitoring System (model 46700, Medtronic). Compared with the previous system, the number of sampling sites was reduced from 5 to 4, and a Luer Lock injection site (Baxter) was provided with the system. However, this Luer Lock had to be connected to the system in the operating room, something that was regularly forgotten by the neurosurgeon.
Surveillance of Infections
All patients with an EVD or ELD inserted were prospectively monitored for the development of nosocomial drain-related infections during 8 months in 2004 (January-May and September-December) and during 12 months in 2005 and 2006. Per patient, each drain episode was defined as the period from the day of insertion until the onset of the drain-related infection or until 5 days after removal of the drain. Data were collected from 5 different sources: 1) the hospital and microbiology databases were used to collect patient characteristics, culture results, biochemical data, and occurrence of death during admission; 2) neurosurgeons registered medical data (for example, indication of drain insertion, comorbidities, and suture-technique in case of CSF leakage of the primary neurosurgical wound) at the day of insertion on a control chart; 3) nurses on the wards registered, on a daily basis, practices concerning drain management (for example, accidental disconnection, rinsing of the catheter, replacement of the drainage bag, dysfunction of the drain, and mental disorder of the patient) and wound care (for example, degree of hair removal, and CSF leakage) on a control chart; 4) infection control professionals regularly monitored hospital-acquired infection rates; 5) data regarding the adequacy of surgical prophylaxis were retrieved from the anesthesiology registration program and from the patient charts if the drain was not inserted in the operating room.
An infection was considered drain-related if at the time of diagnosis the drain had been in place for at least 24 hours or had been removed within 5 days prior to the diagnosis. Centers for Disease Control and Prevention criteria for meningitis or ventriculitis were used, 8 with the modification that positive CSF cultures in patients without positive biochemical parameters or without clinical symptoms were diagnosed as a contamination. Other hospital-acquired infections were also defined according to Centers for Disease Control and Prevention criteria.
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The identification of a high incidence rate of drainrelated infections was based on a retrospective analysis of the period between January 2001 and June 2003, performed in August 2003. To make a comparison of incidence rates in this period and after intervention as reliable as possible, a second retrospective analysis (of the period between January 2004 and December 2006) was performed in 2007 using the same method. In both analyses, the hospital data systems were reviewed to identify adult patients with an EVD or ELD inserted in the operating room. Subsequently, the microbiological database was reviewed for CSF samples of these patients during the time of drain insertion, and leukocytes, protein, and glucose levels were reviewed from samples with a positive culture result (Table 3) . Patients were considered to have a probable drain-related infection if CSF cultures revealed obvious pathogens (for example, gram-negative . ). Univariate Cox proportional hazard modeling was used to determine the proportion of patients free of drain-related infections. As a measure of association, ORs were calculated with 95% CIs. Probability values < 0.05 were considered significant.
Statistical Analysis
For evaluation of the implemented measures the analysis was divided into the following 3 periods: Period I in which interventions were developed and partially implemented (between January 2004 and May 2004 and September 2004 and January 2005); Period II in which they were partly implemented (between January 2005 and January 2006); and Period III in which they were fully implemented (between January 2006 and January 2007). Drain-related infections were expressed per patient, per 100 drain days, and as a proportion of the number of EVDs or ELDs. Statistical analysis was performed with SPSS version 12.0 (SPSS, Inc
Results
Drain-Related Infections
Prospective Analysis. Patient characteristics and indications for drain insertion were fairly comparable among the 3 study periods (Tables 3 and 4) . The incidence of drain-related infections was 16 (Table 5) .
Retrospective Analysis
Based on the retrospective analyses of adult patients with drains inserted in the operating room, the proportion of patients with a probable drain-related infection (Table 7) .
Discussion
Our pragmatic approach, in which different preventive measures were combined, was associated with a 40% reduction in incidence of drain-related secondary meningitis.
The interventions were introduced as a bundle of care. The bundle approach has become a rather popular patient safety strategy with reported success in reducing surgical site infections and catheter-related bloodstream infections. 9, 18 To the best of our knowledge, this is the first time that this approach has been used to reduce drainrelated secondary meningitis.
The observed reduction in drain-related infections most likely resulted, at least to some extent, from improved hygiene because it was associated with a reduced incidence of infections caused by noncutaneous microorganisms indicative of aseptic handling (gram-negative rods, streptococci, and Bacillus spp), the disappearance of infections with multiple microorganisms, and an increased duration until onset of infection. However, since different interventions were implemented with overlap in time, it is not possible to quantify the contribution of each individual measure. In addition to improved hygiene, it is also likely that the reduction in ELD-associated infections resulted from the changed setting in which ELDs were inserted. Initially, ELDs were inserted at the bedside by a resident without assistance, wearing only gloves and frequently without providing perioperative prophylaxis. After intervention, ELDs were inserted in a separate room dedicated to this procedure by the resident assisted by a health care worker; both wore gowns, hats, masks, and sterile gloves, and provided perioperative prophylaxis.
Furthermore, the introduced diagnostic and therapeutic algorithm may have contributed to the reduced incidence. Initially, new drains were inserted during the same session in which infected drains were removed, often under narrow-spectrum antibiotic therapy. After intervention, a drain-free interval between removal of a contaminated drain and insertion of new drains was pursued while empirical antibiotic therapy was extended, covering both skin flora as well as hospital pathogens (ceftazidime and vancomycin). Furthermore, permanent drains were no longer inserted before CSF leukocytes had decreased to < 100/μl, indicative of microbiological cure.
The role of prophylactic systemic antibiotics at the time of insertion remains under debate. 17 Our data do not allow quantification of perioperative prophylaxis to a reduction in infection rates. Based on the antimicrobial spectrum of the prophylaxis (cephalothin) it is unlikely that it prevented infections caused by CNS, nosocomial gram-negative rods, enterococci, or yeasts. However, it may have contributed to the disappearance of the early (< 72 hours) postoperative S. aureus infections. Although the adequacy of timely administration of perioperative prophylaxis improved during the study, in 2006 still only 56% of patients received their prophylaxis in time. This disappointing result is in accordance with other studies aimed at the timely administration of prophylaxis. 23 Despite the 5% absolute reduction in infection rates, the incidences after intervention still were ~ 10% for EVDs and ~ 5% for ELDs. Reported incidences of drain-related meningitis have ranged from 2 to 22% in EVDs, and from 4 to 7% in ELDs. 1, 3, 4, 10, [13] [14] [15] [16] 19, 20, 22 However, comparison between studies is hampered because of patient heterogeneity. In our population many patients had known risk factors for secondary infection such as intracranial hemorrhage, CSF leakage, and a long period of insertion. These latter two are strongly associated with the 2 routes of infection that our intervention did not address: colonization of the drain at the insertion site by skin flora and neurosurgical site infections. Indeed, the proportion of patients with infections caused by organisms associated with these routes of contamination (that is, CNS or S. aureus) did not change after intervention.
The generalizability of our bundle approach, therefore, may well depend on the relative proportion of infections resulting from failing adherence to hygienic procedures. In settings in which infections are predominantly caused by CNS, drain colonization may be the main route of infection, and other interventions might be more appropriate. The use of an antimicrobial-impregnated EVD remains controversial. Routine catheter exchange may also prevent infections. However, exchange of drains involves manipulation and, therefore, enhances the risk of drain contamination in addition to the physiological risks associated with such procedures. Reported risks of infection related to the duration of catheterization and exchange of drains are controversial. 2, 6, 13, 26 Prevention of neurosurgical site infections (often caused by endogenous S. aureus) may also require interventions not included in our bundle. Reduction of CSF leakage, through temporary ELD placement or better surgical techniques, may be pivotal. Another approach could be preoperative treatment of S. aureus carriage, which was successful in reducing surgical site infections. 24 This is the first intervention in which the drain system, rather than the catheter, has been taken into account. In 2004 several drain-related items were identified that, from a hygienic point of view as well as for patient safety reasons, could be improved. In short, these were reduction of the number of sampling sites, substitution of open stopcocks by needless injection sites, glued fixation of the Luer Locks and stopcocks, assemblage of the complete system by the manufacturer, and coloring the lines of the system with a green color to prevent mix-up of lines. As a result, in January 2005 a new system was introduced that was changed in 2 of these aspects, and by 2008 all 5 aspects have been addressed: the Medtronic PS Medical Exacta standard Drainage and Monitoring System, model number 27886 (FDA and Conformité Européene [CE] approved). This drain system is now available, and studies are needed to determine to what extent this system can contribute to the prevention of drain-related infections.
Conclusions
Our multidisciplinary approach in which different preventive measures were combined was associated with a significant reduction in the incidence of drain-related secondary meningitis and is thus an important improvement in patient safety.
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